The life of a bacterial cell is feast or famine. To survive the bacterium must rapidly adapt to changing environmental conditions. Colonization of the mammalian gut provides an enteric organism with an abundant source of carbohydrates, whereas a flash flood instantly depletes the nutrient supply for a soil bacterium. Nutrient-rich conditions lead to a decrease in mass doubling time and an increase in cell size, whereas nutrientpoor conditions curtail growth and reduce cell size 1, 2 . Changes in growth rate must be accompanied by changes in the cell cycle to ensure that cell division stays coordinated with mass doubling, chromosome replication and chromosome segregation.
How organisms adjust their cell cycle dynamics to compensate for changes in nutritional conditions is an important outstanding question in bacterial physiology. Recent work, reviewed here, suggests that multiple signalling pathways transmit nutritional and growth rate information directly to the cell cycle machinery. Multiple signalling pathways permit cells to constantly sample their environments and fine-tune cell cycle processes, a substantial advantage under challenging conditions.
The bacterial cell cycle
The bacterial cell cycle is traditionally divided into three stages: the period between division (cell 'birth') and the initiation of chromosome replication (known as the B period); the period required for replication (known as the C period); and the time between the end of replication and completion of division (known as the D period) (FIG. 1) . In the enteric organism Escherichia coli and the spore former Bacillus subtilis, DNA replication begins at a single origin (oriC) on a single circular chromosome. Replication proceeds bidirectionally around the circumference of the chromosome, terminating at a region opposite oriC. During replication the chromosome remains in a condensed, highly ordered structure that is known as the nucleoid (see REF. 3 for a review of chromosome replication). Division is initiated near the end of chromosome segregation by the formation of a cytokinetic ring at the nascent division site. The tubulin-like protein FtsZ serves as the foundation for assembly of this ring and is required for recruitment of the division machinery (see REF. 4 for a review of bacterial cell division). Nutrient availability and growth rate could potentially affect any of the above steps.
Our understanding of the bacterial cell cycle under different growth conditions derives largely from early physiological studies of B. subtilis and E. coli 5 . These studies indicated that, at constant temperature, mass doubling time decreases in response to increases in nutrient availability; however, both the C period and the D period remain essentially constant. Consequently, under nutrient-rich conditions, both E. coli and B. subtilis reach growth rates at which the period required for chromosome replication and segregation is greater than the mass doubling time. To resolve this paradox, rapidly growing cells initiate new rounds of chromosome replication before completing the previous round, a situation that results in two, four or even eight rounds of replication proceeding simultaneously. This phenomenon, which was first discovered in B. subtilis and termed 'multifork replication' (REF. 6 ), was formalized and further investigated by Cooper and Helmstetter in their influential 1968 paper 5 
. Notably, Cooper and Helmstetter's work illuminated how cells balance largely constant rates of replication fork progression with nutrient-dependent changes in mass doubling time, by initiating replication and dividing more frequently when growing faster.
Although arguably one of the most important insights in the field in the past 40 years, Cooper and Helmstetter's model is limited in that it views the cell cycle as a single process, in which replication initiation is the triggering event that determines the timing of all subsequent steps in replication Abstract | Adaptation to fluctuations in nutrient availability is a fact of life for single-celled organisms in the 'wild'. A decade ago our understanding of how bacteria adjust cell cycle parameters to accommodate changes in nutrient availability stemmed almost entirely from elegant physiological studies completed in the 1960s. In this Opinion article we summarize recent groundbreaking work in this area and discuss potential mechanisms by which nutrient availability and metabolic status are coordinated with cell growth, chromosome replication and cell division. and cell division. This view does not take into consideration the effects of nutrients and metabolic status on events that occur after replication initiation, nor does it explain how cell cycle events are coordinated with mass doubling to ensure that new rounds of replication are initiated only once per division cycle and cell size homeostasis is maintained. Recent work suggests that, instead of being a single process, the bacterial cell cycle is a set of coordinated but independent events (see REFS 7, 8 for an eloquent presentation of this model). This more nuanced view is the model to which we subscribe. Multifork replication is not a universal feature of the bacterial life cycle: the aquatic bacterium Caulobacter crescentus has temporally compartmentalized cell cycle stages, a situation analogous to the eukaryotic cell cycle 9 . For simplicity, however, in this Review we treat B. subtilis and E. coli as representative Gram-positive and Gramnegative bacteria, respectively. In addition, we use the term 'division cycle' instead of cell cycle to refer to the period of time between the birth of a cell and its own subsequent division. This Review focuses first on chromosome replication and then on cell division, but these should not be regarded as independent processes.
Chromosome replication
Chromosome replication is coordinated with cell growth to ensure that: at each origin, replication initiates once and only once per division cycle; at least one round of replication is completed and the nucleoids have segregated before the completion of cell division; and there are sufficient nutrients to support these processes. Not surprisingly, both the initiation of replication and the replication process itself (referred to here as elongation) are subject to metabolic controls (FIG. 2) .
DnaA and origin firing: the entry point for metabolic control. The initiation of chromosome replication is the entry point for metabolic control of the bacterial division cycle 10 . Replication is coupled to growth rate primarily through nutrient-dependent changes in the synthesis and activity of the protein DnaA (FIG. 2a) . A member of the AAA+ family of ATPases, DnaA binds to specific sites at the origin of replication and causes the AT-rich DNA in this region to unwind, which permits the replisome to load 11, 12 . DnaA is rate limiting for the initiation of replication. Artificially increasing DnaA synthesis leads to overinitiation [13] [14] [15] , whereas blocking DnaA synthesis inhibits initiation 16 . In addition to its role in replication initiation, DnaA is a transcription factor that regulates its own expression and that of several other genes 17, 18 . Nutrient availability has a dramatic effect on DnaA accumulation and, hence, the initiation of chromosome replication. The intracellular concentration of DnaA increases with the growth rate to ensure that origin firing is triggered more frequently in rapidly growing cells 19 . Conversely, starving cells of amino acids abolishes de novo DnaA synthesis and prevents new rounds of chromosome replication 20 . It has been proposed that DnaA expression in E. coli is regulated by nutrient availability through the small nucleotides guanosine tetraphosphate and guanosine pentaphosphate (collectively referred to as (p)ppGpp) 10 . (p)ppGpp synthesis is induced by amino acid starvation, through the enzyme RelA, or by carbon starvation, through the enzyme SpoT 21 . (p)ppGpp directly affects the transcription of many genes by altering the stability of the transcription complex 21, 22 . (p)ppGpp also inhibits transcription of dnaA, although it remains to be elucidated whether this effect is direct or indirect 23 . Induction of (p)ppGpp, either by starvation or by overexpressing a constitutive form of RelA, inhibits replication initiation [24] [25] [26] . Together, these data support a model in which (p)ppGpp is responsible for the nutrient-dependent control of DnaA expression and replication initiation (FIG. 2a) . In C. crescentus, carbon starvation inhibits replication initiation through SpoT by a different mechanism to that in E. coli: the proteolysis of DnaA 27, 28 In addition to (p)ppGpp, several other mechanisms modulate DnaA synthesis and activity to ensure that the initiation of chromosome replication occurs only once per division cycle (FIG. 2a) . These mechanisms include: autoregulation of dnaA transcription 29, 30 ; sequestration of newly replicated, hemimethylated origin DNA away from DnaA by the protein SeqA 31 ; titration of free DnaA by DnaA-binding sites outside oriC 32, 33 ; and regulation of DnaA activity by proteins such as DNA initiator-associating protein (DiaA) in E. coli 34 and Soj in B. subtilis 35 . It remains to be discovered whether any of these control mechanisms are subject to nutrient-dependent regulation.
Once DnaA has triggered initiation, elongation-dependent mechanisms inhibit DnaA activity, further preventing overinitiation (FIG. 2a) . In E. coli, re-initiation is prevented in part by the interaction between DnaA, DnaN (the beta clamp that ensures DNA polymerase processivity) and Hda,
Box 1 | Cooper and Helmstetter's model

Replication during slow growth
In slow-growing bacterial cells (with a mass doubling time >C + D period), there is a single round of replication per division cycle. This type of growth resembles that of eukaryotes in that there is a gap (the B period), a period in which DNA replication takes place (the C period) and finally a period of chromosome segregation and cell division (the D period). During replication each cell has only two copies of the origin region (oriC) and one copy of the terminus (terC) (see the figure, part a).
Replication during fast growth (multifork replication)
In rapidly growing cells (with a mass doubling time ≤C + D period), each chromosome re-initiates a new round of replication before the first round has terminated, although only one round is initiated per cell division. Multifork replication ensures that at least one round of replication is finished before cytokinesis, to guarantee that each daughter cell receives at least one complete genome. During multifork replication cells can have four or more copies of the region proximal to oriC and one copy of the region proximal to terC (see the figure, part b) . This imbalance has implications for gene expression levels as well as for the activity of the initiator protein DnaA. a protein that converts initiation-active DnaA-ATP to the less active DnaA-ADP in an elongation-dependent manner 36, 37 . In slow-growing B. subtilis cells, YabA (a protein unrelated to Hda) also inhibits reinitiation, apparently by tethering DnaA to DnaN [38] [39] [40] . YabA delays replication initiation under nutrient-poor conditions but not under nutrient-rich conditions, suggesting that it might be involved in the metabolic control of initiation 41, 42 .
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Cell growth and the initiation of chromosome replication. The achievement of a specific size or mass has been widely accepted as the primary mechanism that links cell growth to the initiation of chromosome replication. According to this model, a factor that is required for the initiation of replication, generally assumed to be DnaA, accumulates in a growth-rate-dependent manner, reaching threshold levels when cells attain a specific size (termed the 'initiation mass') to trigger replication. This concept stems from a 1968 paper by Donachie 43 , in which he plotted the E. coli replication results of Cooper and Helmstetter 5 against the Salmonella enterica subsp. enterica serovar Typhimurium cell size data from Schaechter et al. 2 and observed that cell mass per origin at initiation was constant regardless of growth rate. At growth rates between 1 and 2 mass doublings per hour, cells initiated replication at the same mass. At faster growth rates, when cells had on average twice the number of origins as their slow-growing counterparts, the mass at initiation was exactly twice that of the slow-growing cells 43 . The idea that achievement of a specific mass is the signal that triggers the initiation of DNA replication is appealing. First, it provides a simple explanation for the link between cell growth and DNA replication. Second, a constant initiation mass means that short cells must delay replication until they reach the appropriate size, whereas longer cells would initiate DNA replication earlier. Therefore, coupling initiation to cell size provides a straightforward mechanism for maintaining cell size homeostasis in a given population.
Despite its appeal, more recent data suggest that mechanisms controlling the initiation of DNA replication are more complex than originally proposed. For example, the timing of replication initiation is normal in B. subtilis cells that are 35% shorter than wild type, indicating that replication can be uncoupled from cell mass in this organism 44 . Moreover, initiation mass increases 1.6-to 2-fold in slow-growing E. coli K-12 cells compared with the initiation mass in cells growing at a normal rate [45] [46] [47] . Another appealing hypothesis is that division, rather than achievement of a specific mass, serves as a checkpoint for origin firing 48 . However, replication is not notably perturbed when cell division is blocked 49 . Therefore, it is unlikely that division has a major impact on the initiation of replication.
Notably, with the exception of the B. subtilis short-cell experiments, the studies described above were all carried out in wildtype strains. Although this approach allows for correlative analysis, it does not directly test any of the hypotheses about the factors governing the initiation of chromosome replication. Moreover, a wealth of data suggests that the factors triggering initiation differ depending on growth rate 45, 47, 48 . For these reasons, we favour an integrated model in which multiple factors control origin firing. each factor would be more or less important depending on the growth rate -for example, factor 'X' could be important at rapid growth rates that support multifork replication, whereas factor 'Y' could be active only under slow-growth conditions. This type of model not only accounts for growth-ratedependent differences in initiation mass but also provides the flexibility that is necessary to accommodate rapid changes in nutrient availability.
Replication elongation and chromosome segregation. Although metabolism exerts its best known effect on the initiation of chromosome replication, downstream steps in replication are also affected by changes in nutrient status (FIG. 2b) . The E. coli C period was originally approximated to be constant under varying growth conditions 5 , but this finding turns out to apply only to cells cultured under nutrient-rich conditions (with a mass doubling time of less than 1 hour). when mass doubling times are greater than 1 hour, the C period can increase more than twofold 46, 50 . It is not apparent why replication rates are sensitive to growth rates in E. coli, but it is clear that nutrient availability has a substantial impact on the elongation of replication.
elongation is a costly process that requires large amounts of cellular resources; in particular, deoxynucleoside 5′-triphosphates (dNTPs) are in high demand during replication. The dNTP pool needs to be constantly replenished and is hence highly susceptible to nutrient availability. Data from thyminerequiring bacteria indicate that varying Green boxes represent the relevant events in the cell cycle. a | Nutrient availability is a key determinant for replication initiation. The production of the initiation protein DnaA and other essential components of the replication machinery is proportional to carbon availability and growth rate. Amino acid starvation directly inhibits replication initiation through the production of guanosine tetraphosphate and guanosine pentaphosphate (collectively known as (p)ppGpp). Growth rate might also affect initiation indirectly, potentially through the additional feedback mechanisms that transmit the cell cycle and replication status to the replication machinery, to prevent overinitiation. For example, DnaA represses the transcription of the dnaA operon. In addition, DnaA binding to loci other than the origin of replication (oriC), such as datA in Escherichia coli, titrates DnaA and thereby inhibits replication initiation; replication doubles the copy number of datA, further titrating DnaA. In E. coli, newly replicated oriC contains hemimethylated GATC sites, which are sequestered to prevent reinitiation. Finally, replication elongation inhibits re-initiation through Hda in E. coli or YabA in Bacillus subtilis. The beta clamp, encoded by dnaN, is essential for mediating this control. b | Nutrient availability and amino acid starvation also affect replication elongation and chromosome segregation. the exogenous thymine levels dramatically affects the replication elongation rate 51 . Not surprisingly, the ribonucleotide reductase that synthesizes dNTPs is regulated, by factors including DnaA, to keep up with the demand of replication 52 . In B. subtilis replication elongation is directly controlled by nutrient availability. In response to amino acid starvation, induction of (p)ppGpp leads to a global, non-disruptive replication arrest, most likely through inhibition of primase activity 53 . Inhibition of replication by (p)ppGpp might serve as a surveillance mechanism to keep DNA synthesis in 'suspended animation' when resources such as dNTP are depleted. In this way genome integrity is maintained until growth conditions improve and the inhibition is relieved.
Genetic data from B. subtilis also point to a link between sugar metabolism and replication elongation. Mutations in enzymes that are required for the terminal, three-carbon steps of glycolysis suppress conditional mutations in genes that encode the lagging strand DNA polymerase, the helicase and the primase 54 . The biochemical nature of this link is not known, but it has been proposed that metabolic signals might directly regulate the activity of the replication proteins. Collectively, these results suggest that bacteria have evolved several means of coordinating DNA replication elongation with metabolism, an important adaptation to life in an uncertain environment.
At the end of elongation, newly replicated chromosomal termini need to be segregated, a step that was recently found to be subject to metabolic control. In E. coli, increases in (p)ppGpp can lead to cell cycle arrest before terminus segregation. It was discovered that loss of either SeqA or DNA adenine methylase (Dam) abolishes (p)ppGpp-induced cell cycle arrest 26 . SeqA binds not only to hemimethylated DNA at oriC to regulate initiation but also beyond the origin to affect chromosome organization 55 . It is possible that the failure to segregate the termini is due to prolonged chromosome cohesion, promoted by SeqA, or failure to decatenate interlinked chromosomes 26 .
The research described above has led to a more holistic view of the role of metabolism in replication control that extends well beyond origin firing. Nutrient availability and metabolic status seem to affect every step, from initiation, through elongation to chromosome segregation. Although we are just beginning to identify the components involved, there seems to be an extensive regulatory network that ensures that replication, an essential, demanding but vulnerable process, is coordinated with growth. This network is crucial in the wild, as it allows cells to maintain genome integrity even in the face of rapidly changing environmental conditions.
Cell division like replication, division must be coupled to growth to ensure that average cell size is maintained under a given growth condition. Cells that divided before they doubled in mass would, after several generations, become unsustainably small. Conversely, a population of cells that routinely divided a substantial time after they had doubled in mass would ultimately grow into filaments that are no longer viable. In addition to this temporal form of control, a second regulatory network ensures that cell size increases under carbon-rich conditions, allowing cells to maintain a constant DNA to cell mass ratio during multifork replication 2, 44, 56, 57 .
The temporal control of cell division. Precisely how division is coordinated with mass doubling is not clear. One possibility is that a factor analogous to DnaA accumulates in newborn cells, reaching the critical concentration only when cells have doubled in mass. To ensure that division is coordinated with mass doubling, the accumulation of such a factor would need to be dependent on nutrient availability and growth rate. Potential candidates include essential components of the division apparatus. However, none of the cell division genes identified to date, including ftsZ, seems to be regulated by growth rate in either B. subtilis or E. coli 58, 59 . Alternatively, it has been proposed that replication -a process that is itself dependent on growth rate -serves as a checkpoint for division (FIG. 3a) . In support of this idea, inhibiting the initiation of replication in B. subtilis through the use of conditional mutants leads to the formation of elongated cells with acentric cytokinetic rings adjacent to centrally positioned nucleoids 60, 61 . These cells experience a notable division delay due to DnaA-dependent repression of Ftsl 17 , a crucial component of the division machinery. Ftsl is highly unstable 62 and therefore DnaA-dependent transcriptional inhibition quickly leads to a decrease in Ftsl levels and a severe division delay.
Chromosome replication, segregation and the positional control of division. The acentric position of the FtsZ ring in cells that are blocked for initiation suggests that replication plays a part in the positional regulation of cell division. Consistent with this, allowing cells to assemble the replication initiation complex (DnaA and the primosome) but preventing DNA synthesis, either by thymine starvation of a thymine auxotroph or by the addition of the nucleotide analogue 6-(p-hydroxyphenylazo)-uracil, leads to the formation of a medially positioned FtsZ ring 63 . This observation suggests that the initiation of chromosome replication displaces the origin region from mid-cell, freeing an assembly point for the division machinery at the same position. In E. coli, medial FtsZ assembly and division have been observed in anucleate cells 64, 65 , suggesting that replication is dispensable for cytokinesis in this organism.
Nucleoid segregation, a process that is partially dependent on metabolic status and cell growth, also seems to play a part in coordinating division with the rest of the cell cycle (FIG. 3a) . wild-type bacteria rarely divide across unsegregated nucleoids, and the vast majority of cells with FtsZ rings have two separate nucleoids 4, 44 . Although it is possible for FtsZ rings to form across unsegregated nucleoids 44, 61, 63 , this situation is prevented in part by the actions of DNA-binding proteins, SlmA in E. coli and nucleoid occlusion protein (Noc) in B. subtilis 66, 67 .
Coordinating cell size with nutrient availability. Carbon availability is the primary determinant of cell size for rapidly growing bacteria 2, 57 (FIG. 3b) . In B. subtilis information about carbon availability is transmitted directly to the division apparatus by accumulation of the nucleotide sugar uDP-glucose 44 . uDP-glucose inhibits division through its interaction with the bifunctional diacylglycerol glucosyltransferase, ugtP. under conditions in which uDP-glucose is high, such as during growth in carbon-rich medium, ugtP inhibits FtsZ assembly and delays maturation of the cytokinetic ring until cells have reached the appropriate length. under these conditions ugtP is distributed uniformly throughout the cytoplasm and localizes to the cytokinetic ring in an FtsZdependent manner, consistent with its role as a division inhibitor. Conversely, under conditions in which uDP-glucose levels are low, such as during growth in carbonpoor medium, the intracellular concentration of ugtP drops and the remaining protein is sequestered away from mid-cell in small, randomly positioned foci. The exact mechanism underlying this change in ugtP concentration and localization remains to be determined. ugtP inhibits FtsZ assembly in vitro, indicating that it interacts directly with FtsZ to inhibit division. The molecular mechanism by which ugtP prevents FtsZ assembly has yet to be determined; possibilities include capping the growing polymers or preventing the formation of stabilizing lateral interactions.
Carbon-dependent increases in cell size ensure that cells have sufficient room to accommodate the extra DNA that is generated by multifork replication. Defects in uDP-glucose biosynthesis reduce cell size by ~30% under carbon-rich conditions (when cells have a mass doubling time of ~25 minutes) and lead to a 3.5-fold increase in the frequency of FtsZ rings that are assembled across unsegregated nucleoids; Noc does not seem to inhibit FtsZ assembly across unsegregated nucleoids in these cells. However, under carbon-poor conditions (when cells have a mass doubling time of ~80 minutes), defects in uDP-glucose biosynthesis have little effect on cell morphology, and FtsZ ring formation takes place across segregated or partially segregated nucleoids 44 . Despite the reduction in cell size, the timing of FtsZ ring formation and division is still precisely coordinated with mass doubling in uDP-glucose-deficient cells. This observation implies that a second, uDP-glucose-independent pathway ensures that FtsZ assembly and division are coupled to cell growth.
E. coli cells also increase in size under carbon-rich conditions 68 , and cells shifted from carbon-poor to carbon-rich medium rapidly increase their growth rate but delay division until they reach the appropriate size for the new conditions 69 . Although ugtP is not conserved in E. coli, the accumulation of uDP-glucose does seem to be important for coordinating cell size with carbon availability. Studies indicate that mutations in two genes that are required for uDP-glucose biosynthesis, phosphoglucomutase (pgm) and glucose-1-phosphate uridylyltransferase (galU), reduce E. coli cell size by ~30% without substantially affecting mass doubling time 70 (N.S. Hill and R.B. weart, unpublished observations) (FIG. 3b) . In the absence of a ugtP homologue, it is not clear what the uDP-glucose-sensitive effector is in E. coli, but on the basis of the data from B. subtilis it is reasonable to speculate that it is a uDP-glucose-binding protein. Systematic analysis of genes encoding such proteins should identify the effector responsible for coordinating nutrient availability with cell size in this Gram-negative organism.
Future directions
Cooper and Helmstetter's work set the stage for our current understanding of the factors that couple cell cycle progression to nutrient availability and metabolic status in bacteria. Recent discoveries, many of which are discussed above, have enriched our knowledge and led to a nuanced view of the bacterial cell cycle as a set of coordinated but independent processes.
Nonetheless, this field is still in its infancy. It was only recently that we were able to determine the molecular basis of long-standing observations such as the sensitivity of chromosome replication to starvation and the increase in cell size that accompanies multifork replication. These baby steps provide a foundation for unravelling the precisely orchestrated signals that govern the bacterial cell cycle. Together with advances in systems biology that combine modelling with experimentation and advances in techniques that allow cell cycle processes to be followed in single cells, this foundation will allow the identification of the molecular mechanisms that are responsible for coupling cell growth and metabolic status to chromosome replication and division. Future work will clarify whether replication and division are programmed, consecutive steps in a linear pathway, as suggested by Cooper 
